A link between energy balance and reproduction is critical for the survival of all species. Energy-consuming reproductive processes need to be aborted in the face of a negative energy balance, yet knowledge of the pathways mediating this link remains limited. Fasting and food restriction that inhibit fertility also upregulate the hypothalamic melanin-concentrating hormone (MCH) system that promotes feeding and decreases energy expenditure; MCH knockout mice are lean and have a higher metabolism but remain fertile. MCH also modulates sleep, drug abuse behavior, and mood, and MCH receptor antagonists are currently being developed as antiobesity and antidepressant drugs. Despite the clinical implications of MCH, the direct postsynaptic effects of MCH have never been reported in CNS neurons. Using patch-clamp recordings in brain slices from multiple lines of transgenic GFP mice, we demonstrate a strong inhibitory effect of MCH on an exclusive population of septal vGluT2-GnRH neurons that is activated by the puberty-triggering and preovulatory luteinizing hormone surge-mediating peptide, kisspeptin. MCH has no effect on kisspeptin-insensitive GnRH, vGluT2, cholinergic, or GABAergic neurons located within the same nucleus. The inhibitory effects of MCH are reproducible and nondesensitizing and are mediated via a direct postsynaptic Ba 2؉ -sensitive K ؉ channel mechanism involving the MCHR1 receptor. MCH immunoreactive fibers are in close proximity to vGluT2-GFP and GnRH-GFP neurons. Importantly, MCH blocks the excitatory effect of kisspeptin on vGluT2-GnRH neurons. Considering the role of MCH in regulating energy balance and of GnRH and kisspeptin in triggering puberty and maintaining fertility, MCH may provide a critical link between energy balance and reproduction directly at the level of the kisspeptin-activated vGluT2-GnRH neuron.
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fertility ͉ gonadotropins ͉ HPG axis ͉ obesity ͉ starvation N utritional status and availability of energy stores exert a profound impact on reproductive function (1) (2) (3) . Reproduction is an expensive energy-consuming process, and thus it is important that puberty, pregnancy, and lactation occur only when metabolic fuel is available (4) . Availability of metabolic fuel is conveyed to the brain by peripherally generated signals, such as leptin, insulin, and ghrelin, as well as by centrally released peptides such as neuropeptide Y, melanocortins, and melanin-concentrating hormone (MCH). One or more of these signals can directly or indirectly link energy balance with reproduction at one or more levels of the hypothalamic-pituitary-gonadal (HPG) axis. Thus, insulin and leptin may indirectly influence GnRH neurons (2, 5-7); leptin could regulate the HPG axis via kisspeptin-containing hypothalamic neurons (8, 9) . Kisspeptin and its receptor are critical for reproduction (10) (11) (12) ; both kisspeptin and kisspeptin receptor knockout mice fail to enter puberty, and humans with loss of function mutations in the kisspeptin receptor exhibit hypogonadotropic hypogonadism and are infertile (13) (14) (15) . Mechanistically, kisspeptin is a potent activator of GnRH neurons (16) (17) (18) (19) ; it enhances pituitary gonadotropin release, triggering a cascade that is essential for entering puberty (13, 20) and for maintaining ovulation and fertility (21) .
MCH neurons, which are mostly located in the lateral hypothalamus and in the zona incerta, may also target GnRH neurons directly, as MCH fibers are in close apposition with GnRH neurons (22) . MCH acts via the G-protein-coupled receptors MCHR1 (23) (24) (25) (26) (27) and MCHR2 (28) (29) (30) ; only MCHR1 is present in the rodent brain, and 50-55% of rat GnRH neurons express MCHR1 (22) . Intracerebral infusions of MCH can suppress (31) or enhance (32, 33) pituitary gonadotropin release, depending on the estrogenic milieu. Fasting and food restriction, which has an inhibitory effect on fertility as evidenced by decreased circulating gonadotropins and anovulation (34) , upregulates the MCH system (35, 36 ). An activated MCH system decreases energy expenditure and increases food intake. In contrast, MCH deficiency in mice leads to leanness and increased metabolism. However, despite their leanness, MCH knockout (37, 38) and MCHR1 knockouts (39) remain fertile. The MCH system may also be involved in the regulation of sleep (40) (41) (42) , drug addiction (43, 44) , and mood (45) . MCHR1 antagonists are currently being developed as antiobesity and antidepressant drugs (46, 47) .
Despite the various functions attributed to MCH, the dramatic phenotype of the MCH knockout mice and the clinical importance of MCH, there is little information on the electrophysiological effects of MCH on CNS neurons. Available studies are restricted to hypothalamic neurons that respond to MCH with presynaptic inhibition of transmitter release (48, 49) . Direct effects of MCH on membrane potential of CNS neurons have never been reported.
MCH neurons densely innervate the rodent medial septum/ diagonal band of Broca (MSDB) (50, 51) that contains cholinergic, GABAergic, and vGluT2-glutamatergic neurons as well as two subpopulations of GnRH neurons, only one of which is activated by the puberty-triggering peptide kisspeptin (19) .
In an effort to identify the cellular targets of MCH in the brain and to understand the mechanisms linking energy balance to reproduction, the goal of the present study was to test the hypothesis that MCH would modulate the activity of kisspeptin-activated and kisspeptin-insensitive MSDB GnRH neurons. Using electrophysiological recordings and anatomical labeling methods in multiple lines of transgenic GFP mice, we report strong, inhibitory effects of MCH on kisspeptin-activated vGluT2-GnRH neurons. Kisspeptininsensitive GnRH, cholinergic, GABAergic, and glutamatergic MSDB neurons did not respond to MCH. The observed inhibitory effects of MCH are mediated via a direct postsynaptic mechanism and are of greater magnitude than has been reported for any CNS neuron. These actions of MCH on kisspeptin-activated GnRH neurons may provide a critical link between energy balance and reproductive physiology.
Results

MCH Inhibits vGluT2-GnRH Neurons via a MCHR1-Transduced Direct
Postsynaptic Mechanism. MCH inhibited a unique subpopulation of vGluT2-GnRH neurons in the MSDB that can be identified in slices prepared from either vGluT2-GFP or GnRH-GFP mice (19, 52) . MCH (1 M) produced a 3-to 20-mV hyperpolarization (mean: 8.1 Ϯ 1.5 mV; n ϭ 15) in 59% of vGluT2-GnRH neurons recorded in brain slices prepared from 17 postpubertal mice (n ϭ 22 cells; 35-160 days of age). In brain slices prepared from 300 prepubertal mice (12-30 days of age), MCH inhibited 60% of neurons tested (n ϭ 327) and produced a statistically similar hyperpolarization of 6.7 Ϯ 0.3 mV (range 2-20 mV; n ϭ 149). Because neurons from both prepubertal and postpubertal mice responded similarly to MCH, the remaining studies were conducted in slices prepared from prepubertal mice.
The inhibitory effect of MCH was similar in amplitude in both prepubertal males and females and showed little desensitization to a second application of agonist administered 5-15 min after the first (females, first MCH application: 8.2 Ϯ 0.7 mV, second MCH application: 8.1 Ϯ 0.7 mV; n ϭ 20 cells recorded from 18 mice; males, first MCH application: 7.8 Ϯ 0.8 mV, second MCH application: 7.9 Ϯ 0.9 mV; n ϭ 15 cells recorded from 14 mice; Student's paired t test, not significant; Fig. 1 A and B) . Neuropeptide-glutamic acid-isoleucine (n ϭ 9), cocaine-and amphetamine-regulated transcript (n ϭ 11) and nesfatin (n ϭ 10) had no effect on MCH responsive or nonresponsive vGluT2-GnRH neurons; all three peptides can be produced by MCH neurons (51, 53, 54) . Similarly, leptin (n ϭ 5) and NPY (n ϭ 19), which also signal availability of energy stores, had no effect on the kisspeptin-activated vGluT2-GnRH neurons.
The MCH-induced hyperpolarization in vGluT2-GnRH neurons persisted in TTX (control: 7.1 Ϯ 1.3 mV; TTX: 7 Ϯ 1 mV; n ϭ 7; not significant, Student's paired t test) and in ''zero'' Ca 2ϩ /high Mg 2ϩ ACSF (control: 6.5 Ϯ 1.5 mV; ''zero'' Ca 2ϩ /high Mg 2ϩ : 8.5 Ϯ 2 mV; n ϭ 8 cells; not significant), suggesting involvement of a direct postsynaptic mechanism ( Fig. 1 C-F) . As expected, the MCHinduced inhibitory effect was blocked by the MCHR1-antagonist PMC-3881-PI (control: 9.8 Ϯ 1.4 mV; antagonist: 0 Ϯ 0 mV; n ϭ 6; P Ͻ 0.001, Student's paired t test; Fig. 1 
G and H).
To prevent the confounding effects of small changes in membrane resistance, the conductance change associated with the MCH inhibition was measured under voltage-clamp conditions. At a holding potential of Ϫ65 mV, MCH produced a 6.5 Ϯ 1 pA outward current ( Fig. 1 I and K) that was associated with a significant increase in membrane conductance (control: 0.8 Ϯ 0.2 nS; MCH: 1 Ϯ 0.2 nS; P Ͻ 0.01; n ϭ 22), suggesting a net opening of channels. The MCH-induced outward current was significantly reduced in the presence of BaCl 2 , a blocker of K ϩ channels (control: 11.6 Ϯ 1.4 pA; Ba 2ϩ : 1.8 Ϯ 0.4 pA; n ϭ 5; Student's paired t test; P Ͻ 0.01; Fig. 1  I and J) . Ba 2ϩ alone produced a 10.6 Ϯ 3.3 pA inward current in voltage-clamp recordings (n ϭ 5). Consistent with the involvement of a K ϩ current, MCH-induced outward current reversed at mean reversal potential of Ϫ101 Ϯ 1.7 mV (n ϭ 5), which is near the calculated E k of Ϫ101 mV (Fig. 1L) . Thus, MCH-induced inhibition of vGluT2-GnRH neurons involves opening of Ba 2ϩ -sensitive K ϩ channels.
MCH Selectively Inhibits a Subpopulation of Kisspeptin-Activated
vGluT2-GnRH Neurons in the MSDB. The above-described effects of MCH occurred in a very unique population of neurons within the MSDB. The MCH-inhibited vGluT2-GnRH neurons could be distinguished from other major neuronal populations within the MSDB by their lack of excitatory response to the Group I glutamate metabotropic-receptor agonist DHPG and by their strong and persistent activation by the neuropeptide, kisspeptin, the natural ligand of GPR54 (19, 52) . Although DHPGsensitivity was examined in every neuron tested, because of the strong and prolonged nature of the kisspeptin response, kisspeptin agonist was applied only at the end of the experiment. Sensitivity to kisspeptin was assessed using the bioactive fragment kissspeptin-10 (KP-10). A total of 75 MCH-responsive vGluT2-GnRH neurons were confirmed to be KP-10-sensitive at the end of the experiment (Fig. 2 A, B , and E).
MCH had no effect on the 36 KP-10-insensitive GnRH-GFP cells that were recorded in brain slices prepared from 30 mice (Fig. 2 C  and E) or on the 47 KP-10-insensitive vGluT2-GFP neurons that were recorded from 42 mice (Fig. 2 D and E) ; these neurons were strongly activated by DHPG. MCH also had no effect on the cholinergic (n ϭ 27) or on the GABAergic neurons (n ϭ 12; Fig.  2E ); both neuronal populations are similarly activated by DHPG but not by 55, 56) . Thus, MCH selectively inhibits the KP-10-activated, DHPG-insensitive neurons within the MSDB.
MCH Interrupts Kisspeptin-Induced Activation of vGluT2-GnRH Neurons.
Because of a strong link between energy balance and reproduction, we next determined whether MCH, by virtue of its inhibitory activity, could oppose the long-lasting excitatory effect of kisspeptin. Under control conditions, KP-10 activation lasts an average of 16 Ϯ 1.5 min (Fig. 3A) (19) . In 12 cells, 100 nM KP-10 was applied for 5 s and, after establishment of the excitatory response to KP-10, MCH was applied for 15 s. MCH interrupted the excitatory effect of KP-10 and produced a 10.9 Ϯ 1.1 mV hyperpolarization (Fig.  3B) . This interruption lasted an average of 1.8 Ϯ 0.3 min (n ϭ 12). In addition, because of the nondesensitizing nature of the MCH response, repeated applications of MCH continued to block KP-10 activation (Fig. 3C) . A similar interruption was observed in voltageclamp recordings (n ϭ 3) (Fig. 3D) .
MCH Immunoreactive Fibers Are Present in the Vicinity of Septal vGluT2-
GnRH Neurons. Because MCH inhibited KP-10-activated vGluT2-GnRH neurons, we specifically determined the anatomical relationship between MCH-immunoreactive fibers and vGluT2-GFP and GnRH-GFP neurons using vGluT2-GFP (n ϭ 5) and GnRH-GFP (n ϭ 5) mice and a well-characterized antisera against MCH (51) . In sections prepared from vGluT2-GFP mice, MCH immunoreactive axons stained red were found throughout the MSDB and appeared in close juxtaposition to vGluT2 cell bodies and dendrites. In some cells, many MCH boutons appeared to contact single GFP cells (Fig. 4 A-D) . Similarly, in the GnRH-GFP mice, MCH axons appeared in close juxtaposition to GFP cell bodies and dendrites (Fig. 4 E-G) . Elimination of either the primary or secondary antibody gave no staining, and substitution with antisera against hypocretin/orexin resulted in a different pattern of staining. Thus MCH axons contact GnRH as well as the vGluT2 neurons. Ultrastructural analysis would help to address the question of whether these contacts are synaptic in nature.
Discussion
In the present study, we report a direct postsynaptic inhibitory action of the orexigenic peptide MCH on CNS neurons for the first time. These effects suggest an additional function of MCH in the brain. The inhibitory effects of MCH occur in an exclusive subset of basal forebrain neurons, namely, the vGluT2-GnRH neurons. The MCH-induced inhibition in vGluT2-GnRH neurons is mediated via a MCH1-receptor-transduced postsynaptic mechanism that involves an opening of Ba 2ϩ -sensitive K ϩ channels. MCHimmunoreactive fibers are located in close apposition to vGluT2-GFP and GnRH-GFP neurons. Interestingly, the inhibitory effects of MCH can interrupt or block the persistent excitatory effect of the hypothalamic peptide kisspeptin, which is essential for reproduction. Given the role of MCH in energy balance and of kisspeptin in triggering puberty and in sustaining ovulation and fertility, MCH inhibition of kisspeptin-sensitive vGluT2-GnRH neurons suggests a MCH-mediated link between energy balance and reproduction directly at the level of the GnRH neuron.
In the present study, brief 15-s applications of MCH produced a strong and reproducible inhibition in a highly selective population of vGluT2-GnRH neurons that is persistently activated by the Gq-coupled receptor GPR54 ligand kisspeptin but not by the Gq-coupled Group I glutamate metabotropic receptor agonist DHPG. In contrast, MCH had no effect on DHPG-activated, kisspeptin-insensitive GnRH, vGluT2, cholinergic or GABAergic neurons that are located within the same basal forebrain area. Thus the observed inhibitory effects of MCH in the MSDB are highly selective for a neuronal population that is involved in triggering puberty and sustaining key reproductive functions that are essential to fertility. Therefore, these findings suggest a novel function of MCH. In addition, the absence of MCH inhibition in kisspeptininsensitive, DHPG-activated GnRH neurons provides an additional line of evidence in favor of two populations of GnRH neurons that serve different functions by virtue of their neuromodulator responses (19) .
MCH has been shown to alter the firing rate of ventromedial hypothalamic and arcuate neurons; whether these effects are mediated via a direct mechanism has not been determined (57) . In cultured lateral hypothalamic neurons, MCH inhibits voltagedependent calcium channels and decreases both glutamatergic and GABAergic synaptic transmission without involvement of K ϩ currents and without having a direct effect on membrane potential and conductance (48, 49) . In the present study, conducted in murine brain slices, MCH produced a 2-to 20-mV hyperpolarization and a marked increase in membrane conductance that persisted after blockade of synaptic transmission, suggesting a direct effect of MCH on membrane properties. These effects suggest an additional function of MCH in the brain. The MCH-induced changes in membrane properties reversed near E k and did not occur in the presence of barium, suggesting involvement of K ϩ channels. Considering that MCHR1 is coupled to the G proteins, Gi and Go, it is not surprising that MCH is inhibitory. Nevertheless, earlier studies in non-neuronal kidney cell lines found that MCH raised intracellular calcium (25, 26) . In neurons, an increase in calcium is generally associated with excitation, underlining the complications of studying neuronal receptors in non-neurons.
Unlike MCH, NEI, CART, or nesfatin had no apparent effect on the membrane properties of kisspeptin-activated vGluT2-GnRH neurons. The absence of leptin and NPY effects on these neurons is consistent with the absence of leptin receptors in GnRH neurons (6); NPY effects have been reported only in lactating mice (58) .
The physiological significance of the observed inhibitory effects of MCH is underscored by our MCH immunoreactivity studies. The high density of MCH fibers that we observed in MSDB in mice is consistent with earlier reports in rats (50, 51, 59) . The close appositions observed between GnRH-GFP neurons and MCH-ir fibers in mice are consistent with the study in rats (22) . In addition, in our study, close appositions were noted between vGluT2-GFP neurons and MCH fibers that are consistent with the observed inhibitory effects of MCH on vGluT2-GnRH neurons. In an example voltage-clamp recording (holding potential: Ϫ65 mV) MCH produced a 15-pA outward current. Bath-applied BaCl 2, a K ϩ channel blocker, produced a 6-pA inward current and blocked MCH inhibition. (K) Cell in which MCH induced a 7-pA outward current that is closer to the mean current observed under our experimental conditions. (L) I-V curves, obtained using slow steady-state ramps in a voltage-clamped neuron, in the absence and in the presence of MCH. Subtracted current is also shown. The MCH current reversed at Ϫ103 mV, close to the calculated E K of Ϫ101 mV.
Functionally, MCH has been linked to the sleep-wake cycle (40) (41) (42) , to drug abuse (43, 44) , and to mood disorders; MCH receptor antagonists have antidepressive and anxiolytic effects (43, 47) . However, most work on MCH has emphasized its role as a critical hypothalamic regulator of energy homeostasis with effects both on feeding behavior and energy expenditure (38) . MCH1R antagonists are currently strong candidates for the treatment of obesity (47, 60) . Within the MSDB, the observed inhibitory actions of MCH on vGluT2-GnRH neurons presumably link energy bal- Chart record from a current-clamped DHPG-insensitive GnRH-GFP neuron shows that the neuron responded to MCH (1 M, 15 s) with a 7-mV hyperpolarization that lasted for 110 s. The same neuron responded to the bioactive kisspeptin fragment, KP-10 (100 nM, 15 s) with a prolonged excitation (washout not shown). (B) vGluT2-GFP neuron with similar properties. The neuron was insensitive to DHPG but responded to MCH with a 13-mV hyperpolarization that lasted for 187 s; the neuron was also activated by KP-10. (C) Shows that a DHPG-activated GnRH-GFP neuron that is insensitive to KP-10 is also insensitive to MCH. (D) Similarly, no effect of MCH was seen in a DHPG-activated, KP-10-insensitive vGluT2-GFP neuron. (E) Bar chart summarizes the data and also shows that cholinergic and GAD67-GFP neurons located within the same nucleus do not respond to MCH; both cholinergic and GABAergic neurons are activated by DHPG but not by KP-10. Note that a similar percentage of DHPG-insensitive vGluT2-GFP and GnRH-GFP neurons was inhibited by MCH; these neurons most likely represent the same neuronal population, as GnRH neurons co-localize vGluT2 (19) . ance to reproduction. It is well known that the physiological controls of reproduction and energy balance are closely intertwined, perhaps to maximize chances of individual survival and propagation of species. The GnRH neurons are a key element of the HPG axis; they integrate various internal homeostatic and external environmental signals and serve as the final pathway via which the brain controls fertility in all mammalian species; a lack of GnRH leads to infertility (61) . GnRH neurons project to the median eminence and the released GnRH enhances pituitary gonadotropin secretion, which in turn release the sex steroids from the gonads. The results of the present study suggest that MCH, via its inhibitory actions on GnRH neurons, should reduce pituitary gonadotropin release, which is consistent with a study in behaving rats (31) . Stimulatory effects of MCH on gonadotropin release have also been reported, albeit in anesthetized, ovariectomized, adrenalectomized rats (32) . MCH may also influence gonadotropin release via the median eminence (62) , although the posterior rather than the anterior lobe of the pituitary receives a denser MCH innervation (51) .
Another interesting finding in this study is that MCH, via its opposing inhibitory and nondesensitizing effect, could interrupt the persistent and profound excitatory effect of kisspeptin on GnRH neurons. Thus, MCH could potentially act as a brake for the puberty-triggering and other effects of the kisspeptin-GPR54 system, such as by inducing the luteinizing hormone (LH) surge that precedes ovulation. In this study, the inhibitory effects of MCH were observed equally well in both prepubertal and postpubertal male and female mice, suggesting a general role of MCH in linking energy balance to reproduction in both sexes. These inhibitory actions of MCH on GnRH neurons could help to curtail reproductive activity under conditions that upregulate the MCH system, such as during food deprivation. Normally, a greater than 15% reduction in body weight, as can occur after a 48-h fast, reduces gonadotropin release and delays cyclicity and ovulation in mice (63) . Similarly, in mice with various genetic mutations associated with a lean phenotype, fertility is often compromised. Thus, the adipose-specific knockouts of raptor that weigh 18% less than controls (64) and mice with transketolase insufficiency that have reduced adipose tissue (65) show reduced fertility. However, MCH and MCHR1 knockout mice (37, 39) remain fertile despite weighing 24-28% less than controls. The presence of fertility in MCH knockout mice is consistent with the results of the present study, which suggest that MCH inhibition of GnRH neurons may be required for reducing reproductive function in certain physiological states. Similar to the MCH knockout, muscarinic M3 receptor knockout are lean, hypophagic, and fertile despite a 22-25% reduction in body weight; interestingly these mice have significantly reduced MCH levels (66) . Furthermore, Fto knockouts, which show no alterations in MCH expression, remain fertile despite weighing 30-40% less than controls (67) . This is consistent with the view that an upregulated MCH system may be required for reducing fertility in conditions of starvation. Thus, in the absence of an upregulated MCH system, lean mice may continue to be reproductively active, as MCH may be required to inhibit GnRH neurons and perhaps other components of the HPG axis to suppress fertility.
In the absence of starvation, under normal physiological conditions, the MCH neurons are quiescent during wakefulness but fire action potentials during rapid eye movement (REM) sleep (42) . In addition, c-fos studies show that Ϸ60% of MCH neurons are activated during sleep after a period of REM sleep deprivation (40) . The results of our study would predict a decrease in gonadotropin release during REM sleep and after REM sleep deprivation. Indeed, in rats, REM sleep deprivation has been shown to reduce LH and FSH levels (68); and in adult men, REM sleep was found to be uniformly associated with decreasing LH concentrations (69) .
In conclusion, the observed direct inhibitory effects of MCH on a subpopulation of GnRH neurons, which is essential for triggering puberty and producing the preovulatory LH surge, provides evidence for a critical link between energy balance and reproduction at the level of the GnRH neuron itself. Because MCH antagonists are currently being developed as potential antidepressant and antiobesity drugs, it may be prudent to consider their actions on the reproductive system, especially if used to treat depression in anorexic individuals.
Materials and Methods
Whole-cell patch clamp recordings were performed on GnRH, vGluT2, and GABAergic neurons in brain slices prepared from established lines of transgenic GFP mice. MCH and other agonists were applied using a Y-tube. Immunocytochemistry was performed to determine MCH innervation of vGluT2-GnRH neurons using a well-established antibody [for detailed methods, see SI].
